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We constrain the chameleonic Sunyaev–Zel’dovich (CSZ) effect in the Coma cluster from measure-
ments of the Coma radial profile presented in the WMAP 7-year results. The CSZ effect arises from
the interaction of a scalar (or pseudoscalar) particle with the cosmic microwave background in the
magnetic field of galaxy clusters. We combine this radial profile data with SZ measurements towards
the centre of the Coma cluster in different frequency bands, to find ∆TSZ,RJ(0) = −400 ± 40µK
and ∆T 204GHzCSZ (0) = −20 ± 15µK (68% CL) for the thermal SZ and CSZ effects in the cluster re-
spectively. The central value leads to an estimate of the photon to scalar (or pseudoscalar) coupling
strength of geff ≈ (5.2–23.8) × 10
−10 GeV−1, while the 95% confidence bound is estimated to be
geff . (8.7–39.4) × 10
−10GeV−1.
PACS numbers:
I. INTRODUCTION
There has been a great deal of interest over the past 25
years or so in the mixing of axion-like particles (ALPs)
with photons in the presence of magnetic fields; for exam-
ple Refs. [1–4] or see Ref. [5] for a recent review. ALPs
are a generalisation of the Peccei-Quinn axion originally
introduced to solve the strong CP problem [6]. They re-
fer to any light scalar or pseudoscalar with a linear cou-
pling to the electromagnetic (EM) tensor, and have two
free parameters: the axion mass and the EM coupling
strength. For more details of the axion and the experi-
mental bounds placed on its parameters see for example
[5, 7]. More exotic ALPs have been postulated, such
as the chameleon scalar field developed by Khoury and
Weltman [8]. The chameleon scalar field has a density-
dependent mass, making it an attractive candidate for
dark energy. In high-density environments such as on
Earth the chameleon is heavy and evades fifth-force lab-
oratory searches despite a strong coupling to matter; in
low-density environments the chameleon is light and can
drive the cosmic acceleration. Bounds placed on the ax-
ion in the laboratory are evaded by the chameleon and
so the chameleon-photon coupling strength is less well
constrained. The strongest bounds come from mixing
in large-scale astrophysical magnetic fields, see for ex-
ample Refs. [1, 9, 10]. It was pointed out in [1] that
in sparse astrophysical environments, such as that found
in galaxies or galaxy clusters, the mixing between the
chameleon field and photons is indistinguishable from
the mixing of any very light ALP. In our analysis we
assume full generality as to the nature of the ALP but
the resulting constraints will be most applicable to the
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chameleon scalar field. A detailed discussion of the al-
lowed chameleon parameters is given in Ref. [11]. The
best direct upper-bounds on the matter coupling 1/M
come simply from the requirement that the chameleon
field makes a negligible contribution to standard quan-
tum amplitudes, roughly 1/M . 10−4GeV−1 [11, 12].
Stronger constraints have been derived on the photon
coupling geff = 1/Meff . Laser-based laboratory searches
for general ALPs, such as PVLAS [13], and chameleons,
such as GammeV [14], give geff . 10
−6GeV−1. Con-
straints on the production of starlight polarization from
the mixing of photons with chameleon-like particles in
the galactic magnetic field provide an upper-bound of
geff < 9× 10−10GeV
−1 [1].
In [10] we predicted the existence of a chameleonic
Sunyaev-Zel’dovich (CSZ) effect arising from the mixing
between a light scalar (or pseudoscalar) field and the cos-
mic microwave background (CMB) radiation in the mag-
netic field of galaxy clusters, with particular reference
to the chameleon model. The scalar-photon interaction
causes a fraction of the photons to be converted along
the path, decreasing the overall photon intensity. The
effect is similar to the thermal Sunyaev-Zel’dovich (SZ)
effect arising from scattering of photons off electrons in
the cluster atmosphere, but with a significantly different
frequency dependence. In [10] we compared predictions
of the thermal SZ and CSZ effects in the Coma cluster of
galaxies to the measured SZ decrement towards the cen-
tre of the cluster in a number of frequency bands. The
results constrained the scalar-photon coupling strength
to be, geff < (0.72 − 22) × 10−9GeV
−1, depending on
the model that is assumed for the cluster magnetic field
structure.
In [10] we proposed that the constraints would be
stronger if the radial profile of the SZ effect could be anal-
ysed. The thermal SZ effect scales with the integrated
electron density in the cluster and decreases rapidly as
the electron density decreases towards the edge of the
cluster. The chameleonic SZ effect, by contrast, depends
2on the ratio of the magnetic field to the electron den-
sity, which introduces an extended wing to the predicted
radial profile. This additional power in the SZ signal
at larger radii is a distinctive signature. Until recently
the only analysis has been of the stacked SZ profiles of
galaxy clusters at known positions on the sky, suggest-
ing a discrepancy between the SZ intensity decrement as
measured by WMAP and the expected thermal SZ signal
based on the X-ray emission data [15, 16]. This discrep-
ancy takes the form of a greater than expected SZ signal
at large radii. One possibility is that a simple beta-model
is inadequate for describing the radial profile of the elec-
tron density distribution in the cluster and that a more
sophisticated model is required, but another more excit-
ing possibility is the presence of a chameleon scalar field.
The recent WMAP 7-year SZ measurements of the
Coma cluster radial profile [16] are the first detailed ob-
servations of the SZ profile around a cluster to date. We
calculate the CSZ contribution to the signal in the com-
bined V +W band extracted from the WMAP measure-
ments; we believe it is beyond the scope of this paper to
perform a full analysis of the raw WMAP data contami-
nated by noise and CMB anisotropies.
This paper is organised as follows: in section II we
present the calculations for the mixing between ALPs
and photons in the magnetic field of galaxy clusters. In
section III we discuss measurements of the magnetic field
structure and SZ effect in the Coma cluster. The results
of our analysis are in section IV and we conclude with a
discussion of the results in section V. Appendix A con-
tains the derivation for the probability of conversion be-
tween photons and ALPs in galaxy clusters. Appendix B
outlines our simplistic approach to calculating the con-
tribution of the CSZ effect to the V +W band in the
WMAP data.
II. MIXING BETWEEN PHOTONS AND
AXION-LIKE PARTICLES IN CLUSTER
MAGNETIC FIELDS
The interaction Lagrangians describing coupling be-
tween photons and scalar- or pseudoscalar-ALPs are,
Lscalar = −
1
4
geffφFµνF
µν
Lpseudoscalar = +
1
4
geffφFµν F˜
µν ,
where F˜µν = ǫµναβF
αβ/2 is the dual of the field strength
tensor. The difference between the scalar and pseu-
doscalar interaction determines which photon polariza-
tion state is involved in mixing. The modification to the
intensity of any radiation is therefore identical for either
particle but the modification to the polarization state is
particle specific.
The resulting field equations for this interaction are,
φ = m2φφ +
1
4
geffFµνF
µν , (1)(
−
1
4
geffFµν F˜
µν
)
,
and,
∇νF
µν = Jµ −geff∇ν (φF
µν) , (2)(
+geff∇ν(φF˜
µν)
)
,
where the bracketed term is for a pseudoscalar as opposed
to a scalar ALP. Jµ is the background electromagnetic
4-current, such that ∇µJµ = 0, and mφ is the mass of
the ALP. The Lagrangian for the chameleon scalar field
must include the coupling between the scalar field and
matter. However in sparse astrophysical environments
the varying properties of the chameleon can be encapsu-
lated in its mass mφ to give the same field equations as
Eqns. (1) and (2). See [10] for a full derivation.
We follow a similar procedure to that given in Refs. [1–
3, 10] to determine the evolution of the ALP and photon
fields, when propagating through a background magnetic
field B(x). We expand the fields as perturbations about
their background values, ϕ = φ − φ¯ and aµ = Aµ − A¯µ,
where Fµν = ∂µAν − ∂νAµ. Ignoring terms that are
second order in the perturbations, we find
− ∂2t φ+∇
2φ ≃ m2φφ +geffB.(∇× a), (3)
(+geffB.(∂ta)) ,
and,
− ∂2t a+∇
2a ≃ ω2pla +geff (∇φ×B) , (4)
(−geffB(∂tφ)) ,
where again the bracketed term applies for pseudoscalars.
The plasma frequency, ω2pl = 4παEMne/me, arises from
interactions between the photons and electrons of number
density ne in the plasma, and acts as an effective photon-
mass.
The probability of conversion between photons and
chameleons after passing through the magnetic field of
a galaxy cluster was derived in [10]. The details are re-
produced here in Appendix A, and have been extended to
apply generally to scalar- and pseudoscalar-ALPs. The
derivation assumes weak-mixing between the photons
and ALPs (valid for CMB photons propagating through
galaxy clusters), and requires the ALP mass to be below
the plasma frequency in the cluster. For the case of the
Coma cluster this imposes mφ . 10
−12eV. It was shown
in [10] that for CMB photons travelling through the in-
tracluster (IC) medium the mass of the chameleon scalar
field satisfies this requirement.
The magnetic fields of galaxy clusters have been mea-
sured to have a regular component Breg(x), with a typ-
ical length scale of variation similar to the size of the
3object, and a turbulent component δB(x) which un-
dergoes O(1) variations and reversals on much smaller
scales. Instead of considering a simple cell model for the
magnetic field fluctuations, common in both the liter-
ature concerning photon-ALP conversion in galaxy and
cluster magnetic fields and in that concerning the mea-
surement of those fields, we consider a more realistic
model for B assuming a spectrum of fluctuations running
from some very large scale (e.g. the scale of the galaxy
or cluster) down to some very small scale (≪ Lcoh).
We describe these fluctuations by a correlation function
RB ij(x) = 〈δBi(y)δBj(x+ y)〉; here the angled brack-
ets indicate the expectation of the quantity inside them.
This description of the magnetic field is compatible with
the requirement that ∇ ·B = 0 [17]. Assuming that the
fluctuation spectrum is isotropic we have:
RB ij(x) =
1
3
δijR
⊥
B (x) + xˆixˆjR
‖
B(x),
where R
‖
B(x) is related to R
⊥
B(x) by imposing ∇ ·B = 0.
The photon-scalar conversion probability only depends
on the components of the magnetic field that are per-
pendicular to direction of the path, and so do not de-
pend on R
‖
B(x). We define PB(k) to be the power spec-
trum associated with R⊥B (x). We allow for a similar
spectrum of fluctuations in the electron number den-
sity, ne(z) = n¯e + δne(z), with auto-correllation function
RN (x) and associated power spectrum PN(k).
The power spectra, PB(k) and PN(k), have not been
measured for the Coma cluster, but we draw on obser-
vations of our own galaxy and other clusters to infer
their probable form [10, 17–19]. These measurements
are generally consistent with a Kolmogorov-type turbu-
lence model, but only probe the power spectrum at spa-
tial scales larger than a few kiloparsecs. The dominant
contribution to the probability of photon-ALP conver-
sion in galaxy clusters is sensitive to PB(k) and PN(k)
on scales k−1 . 10−3–0.1 pc. There are no observations
of the form or magnitude of PB(k) and PN(k) on such
small scales. According to Kolmogorov’s 1941 theory
of turbulence, the power spectrum of three dimensional
turbulence on the smallest scales is universal and has
P (k) ∝ k−11/3. We therefore estimate PB(k) and PN(k)
in the Coma cluster on small scales by assuming we have
three dimensional Kolmogorov turbulence.
We find that the dominant contribution to the average
probability of photon-ALP conversion in a galaxy cluster
is (Eq. (A3), Appendix A),
P¯γ↔φ ≈
3
40
(0.27–0.45)g2eff
(
αEMn¯e
2πme
)−5/3
ν5/3L
−2/3
B L
·
(
B2reg
I2N (IN − 1)
2
+
〈
δB2
〉 I2N (2IN − 1)
3
)
,
(5)
where IN ≡ 1 +
〈
δn2e/n¯
2
e
〉
, ν is the frequency of the ra-
diation, L is the path length through the magnetic re-
gion, and LB is the coherence length of the magnetic field
which is defined later in Eq. (6). The range depends on
the normalisation for the power spectra PB(k) and PN(k).
The resulting modification to the CMB intensity is,
∆I
I0
= −P¯γ↔φ,
which holds equally for both scalar- and pseudoscalar-
ALPs.
III. THE COMA CLUSTER
The nearby Coma cluster of galaxies is unique in hav-
ing detailed measurements of both its magnetic field
structure and the SZ effect. In this section we discuss
these measurements.
A. Magnetic field
The magnetic field at the centre of the Coma clus-
ter was determined by Feretti et al. [20] from observa-
tions of Faraday rotation measures (RMs) of an embed-
ded source. The RM corresponds to a rotation of the po-
larization angle of an intrinsically polarised radio source.
The RM along a line of sight in the zˆ direction of a source
at z = zs is given by:
RM(zszˆ) = a0
∫ zs
0
ne(xzˆ)B‖(xzˆ)dx,
where a0 = α
3
EM/π
1/2m2e , B‖ is the magnetic field along
the line of sight, and the observer is at x = 0. For a
uniform magnetic field over a length L along the line
of sight and in a region of constant density, we expect
〈RM〉 = a0B‖neL. However, the dispersion of Faraday
RMs from extended radio sources suggests that this is
not a realistic model for IC magnetic fields. Both the
dispersion of the measured RMs and simulations suggest
that IC magnetic fields typically have a sizable compo-
nent that is tangled on scales smaller than the cluster.
The simplest model for a tangled magnetic field is the
cell model where the cluster is divided up into uniform
cells with sides of length Lcoh. The total magnetic field
strength is assumed to be the same in every cell, but the
orientation of the magnetic field in each cell is random.
In the cell model the RM is given by a Gaussian distri-
bution with zero mean, and variance
〈
RM2
〉
∼
a20Lcoh
2
∫ L
0
〈
B2(z)
〉
n2e(z)dz,
where
〈
B2
〉
is the average value of B2 along the line of
sight. A more realistic model for the magnetic field is to
assume a power spectrum of fluctuations. In this model
one finds [19],
〈
RM2
〉
∼
a20LB
2
∫ L
0
〈
B2(z)
〉
n2e(z)dz ,
4where following Ref. [19] the correlation length scales,
LB and LN, for the magnetic and electron density fluc-
tuations respectively are defined,
LB/N =
∫∞
0 kdk PB/N(k)
2
∫∞
0
k2dk PB/N(k)
. (6)
To match the same observations with the same total field
strength, LB in the power spectrum model should be
equal to Lcoh in the cell model.
Assuming a cell model for the Coma cluster magnetic
field in combination with a uniform magnetic field, Fer-
etti et. al. [20] detected a uniform component of strength
0.2± 0.1µG coherent on scales of 200 kpc and a tangled
component of strength 8.5 ± 1.5µG coherent on much
shorter scales of 1 kpc extending across the core region of
the cluster.
B. Radial Profile
The electron density distribution plays a crucial role
in determining both the radial profile of the thermal SZ
effect and that of the CSZ effect. The electron density of
cluster atmospheres can be determined from X-ray sur-
face brightness observations, for example using ROSAT,
which are generally fitted to a simple beta profile (see
Ref. [21]):
ne(r) = n0
(
1 +
r2
r2c
)−3β/2
, (7)
where n0 is the electron density at the cluster centre, rc
is the core radius (a free parameter fitted to the X-ray
observations) and β ∼ 0.6–1 in general. For the Coma
cluster the best fitting parameters are [22],
β = 0.75± 0.03,
θc = rc/DA = 10.5± 0.6 arcmin,
where DA = 67 h
−1Mpc is the angular diameter distance
to the Coma cluster. The average electron density at the
centre of the cluster has been measured at 4×10−3cm−3.
In a similar fashion the magnetic field is expected
to decline with radius and the coherence length to in-
crease. Magneto-hydrodynamic (MHD) simulations of
galaxy cluster formation suggest that
〈
B2
〉1/2
∝ 〈ne〉
η
with η = 1 while observations of Abell 119 suggest
η = 0.9 [23]. Two simple theoretical arguments for the
value of η, are (1) that the magnetic field is frozen-in
and hence η = 2/3, or (2) the total magnetic energy,
∝
〈
B2
〉
, scales as the thermal energy, ∝ ne, and hence
η = 1/2 [21]. Faraday RM observations of clusters [24]
have found that the magnetic field extends as far as the
ROSAT-detectable X-ray emission (coming purely from
the electron density distribution). Simulations have also
shown that the coherence length increases with distance
from the cluster core, however the radial scaling of Lcoh
Experiment ν/GHz δν/GHz ∆TSZ/µK
OVRO 32.0 6.5 −520± 83
WMAP 60.8 13.0 −240± 180
WMAP 93.5 19 −340± 180
MITO 143 30 −184± 39
MITO 214 30 −32± 79
MITO 272 32 172 ± 36
TABLE I: SZ measurements of the Coma cluster core in dif-
ferent frequency bands.
is uncertain. We make the simple ansatz that, at least
inside the virial radius, Lcoh ∝ n
−γ/3β
e for some γ, so
that
Lcoh = Lcoh0
(
1 +
r2
r2c
)γ/2
,
where Lcoh0 is the coherence length in the centre of the
cluster. Based solely on dimensional grounds, estimated
values for γ are: γ = β so that Lcoh ∝ n
−1/3
e , or γ = 1 so
that Lcoh ∝ r for large r. The simulations of Ref. [25],
suggest that for large r, Lcoh roughly scales as r inside
the virial radius.
C. Sunyaev-Zel’dovich measurements
The thermal SZ effect arises from inverse-Compton
scattering of CMB photons with free electrons in a hot
plasma. The scattering process redistributes the energy
of the photons causing a distortion in the frequency spec-
trum of the intensity. This is observed as a change in the
temperature of the CMB radiation in the direction of
galaxy clusters [16, 26],
∆TSZ
T0
= gSZ(ν)
σT
me
∫
Pe(l)dl , (8)
where the integral is along the line of sight. The fre-
quency dependence of the effect is contained in gSZ(ν) ≡
x coth
(
x
2
)
− 4 where x = hν/kBT0. At low frequencies
the SZ effect is seen as a decrement in the expected tem-
perature from the CMB, while at high frequencies it is
seen as a boost in the temperature. The electron pres-
sure, Pe = nekBTe, varies with the distribution in the
cluster, where Te is the temperature of the electrons in
the plasma. The SZ effect is also commonly expressed in
terms of the optical depth, defined by τ0 =
∫
σTne(l)dl.
Measurements of the CMB temperature decrement to-
wards the centre of the Coma cluster were assimilated
and analysed in [27]. These measurements are summa-
rized in Table I. Assuming only a thermal SZ contribu-
tion the optical depth was found to be 4.7× 10−3. This
assumed an electron temperature of kBTe = 8.2 keV.
An alternative parameterisation of the thermal SZ ef-
fect is to consider the central temperature decrement in
5the Rayleigh–Jeans (RJ) limit (ν → 0). Separating out
the frequency and radial dependence, and assuming a
beta model for the electron distribution (Eq. (7)), we
have
∆TSZ(θ) = ∆TSZ,RJ(0)
[
1 +
θ2
θ2c
](1−3β)/2
gSZ(ν)
−2
,
where the radius r from the centre of the cluster to some
point in the cluster atmosphere has been approximated
by r2 ≈ (DAθ)2 + l2. Here θ is the angle subtended
from the cluster centre to the point and l is the radial
distance of the point from the cluster centre along the
line of sight. Within this parameterisation the inferred
optical depth for the Coma cluster, τ0 ≈ 4.7 × 10−3,
corresponds to a central temperature decrement in the
RJ limit of −420µK.
Detailed measurements of the CMB temperature in
43 radial bins centered on the Coma cluster have re-
cently been released by the WMAP collaboration [16].
Assuming a beta model for the electron density distribu-
tion, they find a central temperature decrement in the
Rayleigh–Jeans limit of −381 ± 126µK from the data
extracted in the V band (60GHz), and −523 ± 127µK
from the W band (90GHz). This discrepancy is most
likely caused by contamination from the primary CMB
anisotropies. The data is processed to eliminate this
CMB signal by combining the V and W bands, to give
∆TSZ,RJ(0) = −377± 105µK (68% CL). This suggests a
CMB anisotropy signal of the order −100µK coinciding
with the centre of the Coma cluster. The extracted data
in the combined V +W band is reproduced in Fig. 1.
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FIG. 1: Measurements of the cleaned SZ signal for the Coma
cluster in the combined V +W band, plotted in units of the
Rayleigh–Jeans (RJ) temperature, courtesy of Eiichiro Ko-
matsu [16]. The solid black line is the best fit thermal SZ
model assuming a beta profile for the electron distribution
with no CSZ contribution. The dashed blue line is the best
fit model assuming both thermal SZ and CSZ contributions.
IV. THE CHAMELEONIC
SUNYAEV-ZEL’DOVICH EFFECT IN THE
COMA CLUSTER
We saw in section II that the average conversion rate
of photons into ALPs after passing through the magnetic
field of a galaxy cluster was given by Eq. (5). For the
Coma cluster the regular component of the magnetic field
has been measured to be much smaller than the tangled
component (true of most cluster magnetic fields), and so
the conversion probability is approximately,
P¯γ↔φ ≈
1
40
(0.27–0.45)g2eff
(
αEMn¯e
2πme
)−5/3
ν5/3L
−2/3
B L
·
〈
δB2
〉
I2N (2IN − 1) .
A reasonable value for IN ≡ 1 +
〈
δn2e/n¯
2
e
〉
based on elec-
tron fluctuations in our own galaxy is IN ∼ 1–2. The
photon-ALP conversion causes a decrement in the CMB
temperature towards galaxy clusters, with
∆TCSZ
T0
=
e−x − 1
x
P¯γ↔φ ,
where x = hν/kBT0. The above equation assumes the
average magnetic field, electron density and coherence
length are constant along the path length L. However
if the fields vary slowly over the path length, then the
effect will be proportional to the integral along the line
of sight:
P¯γ↔φ ∝
∫
dl
〈
δB2
〉
n¯−5/3e L
−2/3
B .
Assuming a beta model for the electron density in the
cluster and the radial scaling for the magnetic field and
coherence length discussed in section III B, we have
∆TCSZ(θ) ≈ ∆T
204GHz
CSZ (0)
x0
x
e−x − 1
e−x0 − 1
(
ν
ν0
)5/3
·
(
1 +
θ2
θc
) p
2 Iy(θ)
Iy(0)
, (9)
where ν0 = 204GHz and we have defined p = 1− 2γ/3−
6ηβ + 5β, and
Iy ≡
∞∫
0
(
1 + y2
) p−1
2 w(y)dy ,
with y2 = (l/rc)
2
(
1 + θ
2
θ2
c
)−1
. We assume the turbulent
cluster field dies off very quickly beyond some charac-
teristic radius rmax, due to LB growing very quickly or〈
δB2(z)
〉
decreasing much faster than n¯ηe . A reasonable
assumption for rmax is to approximate it by the virial
radius rvir [10]. Thus we have introduced a window func-
tion, w = exp(−r2/r2vir), which corresponds to
w(y) = exp
(
−
θ2 + (θ2c + θ
2)y2
θ2vir
)
,
6where θvir = rvir/DA. The magnitude of the CSZ effect
at the centre of the cluster at 204GHz is given by,
∆T 204 GHz
CSZ
(0)
T0
≈ − (0.13–2.69)× 10−7g210
(
〈δB20〉
1/2
8.5µG
)2
(
n¯e0
4×10−3 cm−3
)−5/3 (
rc
150 kpc
)(
LB0
1 kpc
)−2/3
, (10)
where g10 ≡ geff/(10−10GeV
−1).
The WMAP measurements of the Coma cluster radial
profile discussed in section III C constrain the degree of
photon-ALP mixing in the Coma cluster. We calculate
the contribution of the CSZ effect to the combined V +W
band data. This assumes a simplistic approach to the
processing technique of Komatsu et al. [16] in combining
the V and W bands to eliminate contamination from the
CMB anisotropies. This is detailed in Appendix B. We
predict the total signal to be,
∆T V+WRJ (θ) = ∆TSZ,RJ(θ)
+∆T 204GHzCSZ (θ)
(
−2(gVCSZ − g
W
CSZ)
gCSZ(ν0)(gVSZ − g
W
SZ)
)
,
where gCSZ(ν) ≡ ν5/3(e−x − 1)/x.
Comparing our predictions, T
(i)
pred, to the extracted
WMAP data in the combined V +W band, T
(i)
expt, over
the 43 radial bins of the Coma cluster, we maximise the
likelihood L defined by,
−2 logL =
43∑
i=1
(
T
(i)
expt − T
(i)
pred
σ
(i)
expt
)2
,
where σ
(i)
expt are the errors in the WMAP measurements.
We take ∆TSZ,RJ(0) and ∆T
204GHz
CSZ (0) to be the free pa-
rameters in the theory and assume no prior knowledge
of their distributions. We marginalise over the remain-
ing model parameters (β, θc, γ, η, θvir), and assume the
following priors on their distributions:
β ∼ N (0.75, 0.03) ,
θc ∼ N (10.5, 0.6) arcmin,
γ ∼ U (0.6, 1) ,
η ∼ U (0.5, 1) ,
θvir ∼ N (102, 20) arcmin,
where N (µ, σ) is a normal distribution with mean µ and
standard deviation σ; and U (a, b) is a uniform distribu-
tion over the range a to b. These priors come from the
experimental measurements and theoretically motivated
values discussed in section III B. The virial radius of the
Coma cluster is 1.99 ± 0.22 h−1Mpc [28] which, coupled
with DA ≈ 67 h−1Mpc, gives the above prior on θvir. To
find the confidence limits on our results we assume that
χ2 = −2 log
(
L/Lˆ
)
follows a χ21 distribution, where Lˆ is
the maximised likelihood over the parameter space.
The results of this maximum likelihood procedure are
presented in Fig. 2. The blue dashed line shows the 68%,
95% and 99% confidence limits on the parameter space
of ∆TSZ,RJ(0) and ∆T
204GHz
CSZ (0). Considering only these
WMAP radial measurements we then find that,
∆T 204GHzCSZ (0) = −60± 25µK
∆TSZ,RJ(0) = −480± 100µK (68%CL).
In addition to this data set, the SZ measurements to-
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FIG. 2: Confidence limits on the parameter space of
∆TSZ,RJ(0) and ∆T
204GHz
CSZ (0) for the Coma cluster. The
dashed blue lines are the 68%, 95% and 99.9% confidence
limits obtained from the WMAP 7-year measurements of the
SZ radial profile in the V +W band. The red dotted lines
are the confidence limits obtained from the SZ measurements
towards the centre of the cluster in different frequency bands
first presented in [10]. The black solid lines are the combined
confidence limits from these two data sets.
wards the centre of the Coma cluster given in Table I
were analysed by the authors in [10]. The resulting con-
straints on the parameter space were,
∆T 204GHzCSZ (0) & −20µK
∆TSZ,RJ(0) = −420± 60µK (68%CL),
and are reproduced in Fig. 2 as the red dotted line set.
Combining these two data sets we find,
∆T 204GHzCSZ (0) = −20± 15µK
∆TSZ,RJ(0) = −400± 40µK (68%CL),
where the 68%, 95% and 99.9% confidence limits on the
parameter space are also plotted in Fig. 2. We note
that, assuming no CSZ contribution, Komatsu et al. [16]
inferred ∆TSZ,RJ(0) = −377± 105µK.
The CSZ contribution to the WMAP V + W band,
implied by ∆T 204GHzCSZ (0) = −20µK, is plotted in Fig. 1.
In Fig. 3 we have plotted the expected contributions to
the signal at 60GHz, 90GHz and 214GHz. The thermal
SZ effect is approximately null at 214GHz and so future
measurements at this frequency will be most affected by
the CSZ contribution.
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FIG. 3: The predicted contributions from the CSZ (solid red line) and thermal SZ (dashed black line) effects in the Coma
cluster at three different frequencies. We have taken the central temperature decrements to be those of the maximum likelihood
parameters, ∆TSZ,RJ(0) = −400µK and ∆T
204GHz
CSZ = −20µK, and have assumed θc ≈ 10.5 arcmin, γ = β ≈ 0.75, η ≈ 0.9 and
θvir ≈ 102 arcmin.
The maximum likelihood estimate, ∆T 204GHzCSZ (0) =
−20µK, corresponds to a photon-scalar conversion prob-
ability in the Coma cluster of P¯γ↔φ(204GHz) = 2.7 ×
10−5. Substituting into Eq. (10), we find an implied cou-
pling strength between photons and axion-like particles
of,
geff ≈ (5.2–23.8)× 10
−10GeV−1.
Similarly the 95% confidence bound on the CSZ con-
tribution from the combined data set, ∆T 204GHzCSZ (0) >
−55µK, corresponds to P¯γ↔φ(204GHz) < 7.5 × 10
−5,
giving a bound on the photon-scalar coupling strength
of,
geff . (8.7–39.4)× 10
−10GeV−1 (95% CL).
V. DISCUSSION
In this work we have constrained the degree of conver-
sion between photons and ALPs in the magnetic field of
the Coma cluster. The existence of the ALP induces a
chameleonic SZ effect which was first predicted in Ref.
[10]. Measurements of the SZ effect in the direction
of the Coma cluster have been made by a number of
CMB probes. Considering only the measured radial pro-
file of the SZ effect in the combined V + W band, we
find ∆T 204GHzCSZ (0) = −60± 25µK, for the change to the
CMB temperature due to the CSZ effect towards the cen-
tre of the cluster. Considering instead SZ measurements
towards the centre of the cluster in different frequency
bands, the constraint is ∆T 204GHzCSZ (0) & −45µK at 95%
confidence. Combining these results we find,
∆T 204GHzCSZ (0) ≈ −20± 15µK (68% CL),
and ∆T 204GHzCSZ (0) & −55µK (95% CL).
The above result involves a number of assumptions.
Most importantly, it assumes that the electron density
distribution in the cluster can be modelled by a simple
beta profile (Eq. 7), common in both the measurements
of cluster surface brightness and SZ profiles. However
measurements of the stacked SZ profiles around clusters
have suggested that this is a poor fit to the data and that
a more sophisticated model is required [15, 16].
As was pointed out in [10], estimates of the correspond-
ing photon to scalar (or pseudoscalar) coupling strength
is highly dependent on the model that is assumed for
the cluster magnetic field. In this analysis we have al-
lowed for a spectrum of fluctuations in the magnetic field
and electron density and assumed that fluctuations on
small scales can be approximated by three-dimensional
Kolmogorov turbulence. This leads to an estimate of the
photon to scalar coupling strength for the maximum like-
lihood scenario of,
geff ≈ (5.2–23.8)× 10
−10GeV−1,
while for the 95% confidence bound on the coupling
strength is,
geff . (8.7–39.4)× 10
−10GeV−1.
The range depends on the magnitude of electron density
fluctuations in the cluster.
In our analysis we have also imposed that the ALP
mass be less than 10−12eV. Combining this with the
above coupling strength, we find that a standard ALP
with those properties is ruled out, since it would violate
constraints on ALP production in the Sun, He burning
stars and SN1987A. However, these constraints feature
ALP production in high density regions, and therefore
do not apply to a chameleon scalar field. This includes
both the chameleon discussed earlier and any other non-
standard ALP for which one or both of geff and 1/mφ de-
crease strongly enough as the ambient density increases.
The above estimate and bound on the chameleon-photon
coupling strength is consistent with constraints that have
been derived elsewhere [1, 9, 10].
In our radial analysis of the Coma cluster we calculated
the CSZ contribution to the V +W band extracted from
the WMAP data. To confirm our findings, future work
should include an analysis of the raw CMB data in the
separate V andW bands. As we can see from Fig. 3, the
CSZ effect is predicted to dominate over the thermal SZ
8effect at 214GHz and so measurements at these higher
frequencies will be most sensitive to the existence of a
chameleon.
We conclude by noting that the anomalous dip in the
WMAP measurements at large radii that can be seen in
Fig. 1 cannot be attributed to photon-scalar mixing: ex-
tending the window function that imposed rapid decay of
the CSZ contribution beyond the virial radius, merely de-
creases the total SZ contribution uniformly and provides
a poorer fit to the data.
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Appendix A: ALP-Photon Conversion in Cluster
Magnetic Fields
In this section we present the calculations for the prob-
ability of conversion between photons and ALPs in the
magnetic field of galaxy clusters given in Eq. (5). The
bulk of this derivation was first presented in [10]. We as-
sume a Kolmogorov-type turbulence model for the mag-
netic field structure in the cluster and allow for similar
fluctuations in the electron density.
Starting from the mixing equations for scalars and
pseudoscalars, Eqns. (3) and (4) given in section II, we
consider a photon field propagating in the zˆ direction, so
that in an orthonormal Cartesian basis (xˆ, yˆ, zˆ) we have
a = (γx, γy, 0)
T. The equations of motion for the scalar-
ALP and photon polarization states can then be written
in matrix form:

−∂2t + ∂2z −


ω2pl 0 −
By
Meff
∂z
0 ω2pl
Bx
Meff
∂z
By
Meff
∂z −
Bx
Meff
∂z m
2
φ





 γxγy
ϕ

 = 0,
while for a pseudoscalar-ALP the mixing matrix is

−∂2t + ∂2z −


ω2pl 0 −
Bx
Meff
∂t
0 ω2pl −
By
Meff
∂t
Bx
Meff
∂t
By
Meff
∂t m
2
φ





 γxγy
ϕ

 = 0,
where we have written geff = 1/Meff . Following a
similar procedure to that in Ref. [3], we assume the
fields vary slowly over time and that the refractive index
is close to unity which requires m2φ/2ω
2, ω2pl/2ω
2 and
|B|/2ωMeff all ≪ 1. Defining γi = γ˜i(z)eiω(z−t)+iβ(z)
and ϕ = ϕ˜eiω(z−t)+iβ(z) where β,z = −ω2pl(z)/2ω, we ap-
proximate −∂2t ≈ ω
2 and ω2 + ∂2z ≈ 2ω(ω + i∂z). In
addition to this, we define the state vector
u =

 γ˜x(z)γ˜y(z)
e2i∆(z)ϕ˜(z)

 .
where
∆(z) =
∫ z
0
m2eff(x)
4ω
dx,
and m2eff = m
2
φ(z) − ω
2
pl(z), which simplifies the above
mixing field equations for a and ϕ to
u,z =
B(z)
2Meff
u, (A1)
where
B(z) =

 0 0 −Bye
−2i∆
0 0 Bxe
−2i∆
Bye
2i∆ −Bxe2i∆ 0

 ,
in the case of scalar-photon mixing, and
B(z) =

 0 0 Bxe
−2i∆
0 0 Bye
−2i∆
−Bxe2i∆ −Bye2i∆ 0

 ,
in the case of pseudoscalar-photon mixing.
To solve this system of equations we expand, u = u0+
u1 + u2 + . . ., such that
u′i+1 =
B(z)
2Meff
ui ; u
′
0 = 0 ,
and neglect the higher order terms from mixing. We
define
M1 =
∫ z
0
B(x)
2Meff
dx.
We say that mixing is weak when
tr
(
M†1(z)M1(z)
)
≪ 1.
Thus Eq. (A1) can be solved in the limit of weak-mixing:
u(z) ≃ [I+M1(z) +M2(z)]u(0),
where M2 =
∫ z
0
M′1(x)M1(x)dx, which can be written
u(z) ≃
[
I+M1(z) +
1
2
(
MC(z) +M
2
1(z)
)]
u(0),
where explicitly in the case of scalar-photon mixing
M1 =

 0 0 −A
∗
y
0 0 A∗x
Ay −Ax 0

 ,
MC =

 −Cyy −C
∗
xy 0
Cxy −Cxx 0
0 0 Cxx + Cyy

 ,
9and
Ai =
∫ z
0
dx
Bi(x)e
2i∆(x)
2Meff
, (A2)
Cij =
∫ z
0
dx
(
A∗′i (x)Aj(x)−A
∗
i (x)A
′
j(x)
)
.
The same holds for pseudoscalar-photon mixing with the
replacements Ax → Ay, Ay → −Ax, Cxx ↔ Cyy and
Cxy → −Cyx.
The polarization state of radiation is described by
its Stokes parameters: intensity Iγ(z) = |γx(z)|2 +
|γy(z)|2, linear polarization Q(z) = |γx(z)|2 − |γy(z)|2
and U(z) = 2Re (γ∗x(z)γy(z)), and circular polarization
V (z) = 2Im (γ∗x(z)γy(z)). Assuming there is no initial
chameleon flux, Iφ = |ϕ|2 = 0, then to leading order the
final photon intensity is given by
Iγ(z) = Iγ(0) (1− Pγ↔φ(z))
+Q(0)Qq(z) + U(0)Qu(z) + V (0)Qv(z),
where we have defined,
Pγ↔φ(z) =
1
2
(
|Ax(z)|
2 + |Ay(z)|
2
)
,
Qq(z) =
1
2
(
|Ax(z)|
2 − |Ay(z)|
2
)
,
Qu(z) = Re(A
∗
xAy),
Qv(z) = Im(A
∗
xAy).
For the CSZ effect, we are concerned with CMB radi-
ation, the intrinsic polarization of which is small, i.e.√
Q2(0) + U2(0) + V 2(0)/Iγ(0) ≪ 1. It follows that
to leading order the modification to the intensity of
the CMB radiation, from the effect of both scalar- and
pseudoscalar-photon mixing, is
∆Iγ(z) ≈ −Pγ↔φ(z)Iγ(0).
We now proceed to evaluate the Ai assuming a
Kolmogorov-type turbulence model for the magnetic field
and electron density fluctuations.
The magnetic field is split into a regular compo-
nent, coherent on the scale of the cluster, and a fluc-
tuating component which undergoes field reversals on
a much smaller scale, B(z) = Breg + δB(z). We as-
sume that, for each i and for fixed x, the turbulent
component of the magnetic field δBi(x) is approximately
a Gaussian random variable. We require (at least ap-
proximate) position independence for the fluctuations
so that RB ij(x;y) ≈ RB ij(x), where RB ij(x;y) ≡
〈δBi(y)δBj(x+y)〉. RB ij(x) is the auto-correlation func-
tion for the magnetic field fluctuations.
We require that ω2pl ≫ m
2
φ, so that m
2
eff ≈ −ω
2
pl ∝
−ne. Spatial variations in m2eff are then entirely due to
spatial variations in ne. The electron number density
is divided into a constant part and a fluctuating part,
ne = n¯e + δne, and we assume that 1 + δne/n¯e is a log-
normally distributed random variable with mean 1 and
variance
〈
δ2n
〉
, where δn ≡ δne/n¯e. We define the electron
density auto-correlation function by,
RN(x) = 〈δne(y)δne(x+ y)〉 .
We assume isotropy, which implies RN(x) = RN(x). Sim-
ilarly, isotropy allows us to write the magnetic field auto-
correlation function in terms of two scalar correlation
functions:
RB ij(x) =
1
3
R⊥B (x)δij + xˆixˆjR
‖
B(x),
where xˆ is the unit vector in the direction of x.
For example, taking x in the z-direction gives xˆ =
(0, 0, 1). We note that Tr (RB ij(x)) = R
⊥
B (x) +R
‖
B(x) =
〈δB(y) · δB(x+ y)〉. The magnetic field must obey
∇ ·B = 0 which implies ∂iRB ij(x) = 0 and hence,
1
3
dR⊥B (x)
dx
+
2
x
R
‖
B(x) +
dR
‖
B(x)
dx
= 0,
and we must have R
‖
B(0) = 0. This fixes R
‖
B(x) in terms
of R⊥B (x).
The power spectra for the magnetic and electron den-
sity fluctuations, PB(k) and PN(k), are defined:
R⊥B (x) =
1
4π
∫
d3ke2piik·xPB(k)
=
∫
k2dk PB(k)sinc(2πkx),
RN(x) =
1
4π
∫
d3ke2piik·xPN(k)
=
∫
k2dk PN(k)sinc(2πkx),
where sinc(x) = sinx/x.
We also define,
δ¯n(z) =
1
z
∫ z
0
δn(x)dx .
Note δ¯n(L) = 0,where L is the path length through the
magnetic region. With Ai defined by Eq. (A2), we define
Z = (1 + δ¯n(z))z and ∆¯ = m¯
2
effL/4ω ∝ −n¯eL/4ω. It
follows that ∆(z) = ∆¯Z/L. We assume that |δ¯n(z)| ≪ 1
along the majority of the path, and so Bi(z) ≈ Bi(Z).
We then have,
Ai(L) ≈
∫ L
0
dZ
Bi(Z zˆ)
2Meff(1 + δn(Z zˆ))
e
2i∆¯Z
L .
We define the correlation,
Aij ≡
〈
Ai(L)A
∗
j (L)
〉
= 1
4M2
eff
∫ L
0 dx
∫ L
0 dyR
tot
ij ((x− y)zˆ)e
2i∆¯(x−y)/L ,
where the correlation function is defined,
Rtotij (xzˆ) ≡
〈
Bi(yzˆ)Bj((y + x)zˆ)
(1 + δn(yzˆ))(1 + δn((y + x)zˆ))
〉
.
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We split the magnetic field into a regular and turbulent
component: B = Breg + δB. Thus,
Rtotij (xzˆ) = B
reg
i B
reg
j
·
〈
(1 + δn(yzˆ))
−1(1 + δn((y + x)zˆ))
−1
〉
+
〈
δBi(yzˆ) · δBj((y + x)zˆ)
(1 + δn(yzˆ))(1 + δn((y + x)zˆ))
〉
.
For simplicity, we assume that fluctuations in the mag-
netic field and electron density are uncorrelated. Thus,〈
δBi(y)δBj(y+x)
(1+δn(y))(1+δn(x+y))
〉
= 〈δBi(y)δBj(y + x)〉
·
〈
(1 + δn(y))
−1(1 + δn(y + x))
−1
〉
.
Defining,
Rδ(x) =
〈
(1 + δn(y))
−1(1 + δn(y + x))
−1
〉
,
and assuming isotropy we have,
Rtotij (xzˆ) =
(
Bregi B
reg
j +
1
3
δijR
⊥
B (x) + zˆizˆjR
‖
B(x)
)
Rδ(x),
where zˆ = (0, 0, 1). The photon-scalar conversion prob-
ability is given by Pγ↔φ =
1
2
(
|Ax|2 + |Ay|2
)
= 12 (zˆ ×
A)†(zˆ × A) where A = (Ax(L), Ay(L), Az(L))
T
. Thus
the average conversion probability depends only on the
components of A, and hence Rtotij (xzˆ), that are perpen-
dicular to zˆ. We therefore define,
R¯totij (xzˆ) = B
reg
i B
reg
j Rδ(x) +
1
3
δijR
⊥
B (x)Rδ(x),
and take,
Aij =
1
4M2eff
∫ L
0
dx
∫ L
0
dyR¯totij ((x− y)zˆ)e
2i∆¯(x−y)/L.
Since R
‖
B(x) must vanish when x = 0, we have
R¯totij (0) = R
tot
ij (0) =
(
Bregi B
reg
j +
δij
3
〈
|δB(yzˆ)|2
〉)
Rδ(0).
We define a combined power spectrum P totij (k) by,
R¯totij (xzˆ) =
∫
k2dk P totij (k)sinc(2πkx).
We then have,
Aij =
L2
4M2eff
∫ ∞
0
k2P totij (k)K(πkL; ∆¯)dk,
where,
K(πkL; ∆¯) =
∫ 1
0
ds 2(1− s)
sin(2πkLs)
2πkLs
cos(2∆¯s).
This integral may be evaluated explicitly in terms of the
function,
Si(x) =
∫ x
0
sin y
y
dy.
We define δSi(x, y) = Si(x+y)−Si(x−y). We then have,
2xK(x; ∆¯) = δSi(2∆¯, 2x)
+
∆¯ sin 2∆¯ sin 2x+ x cos 2∆¯ cos 2x− x
x2 − ∆¯2
.
We are concerned with CMB radiation, for which ω ∼
10−5–10−3 eV, propagating over distances of the order of
100 kpc through a galaxy cluster. It is easy to see that
for such a scenario |∆¯| ≫ 1. We evaluate K(x; ∆¯) in the
asymptotic limit where |∆¯| ≫ 1. When x≪ |∆¯| we have,
4xK(x; ∆¯) ≃
2x
∆¯2
−
sin 2x cos 2∆¯
∆¯2
,
and when x≫ |∆¯|, we have
4xK(x; ∆¯) ≃ 2π −
2
x
.
We define kcrit = |∆¯|/πL. We assume that the fluc-
tuations in B and ne are such that P
tot
ij (k) drops off
faster than k−3 for all k > k∗ where k∗ ≪ kcrit. This
is equivalent to assuming that the dominant contribu-
tion to Rtotij (0) comes from spatial scales than are much
larger than k−1crit. We expect that this dominant contribu-
tion will come from scales of the order of the coherence
lengths of the magnetic field and electron density fluc-
tuations (LB and LN defined in Eq. (6)) and so we are
assuming that k−1crit ≪ LB, LN. With this assumption, in
the limit of large |∆¯|, we have to leading order,
4M2effAij ≃
L2
2∆¯2
∫ ∞
0
k2P totij (k)dk
−
L cos 2∆¯
4π∆¯2
∫ ∞
0
k sin(2πkL)P totij (k)dk
+
L
2
∫ ∞
kcrit
kP totij (k)dk .
We define,
Wij(k) =
∫ ∞
k
qP totij (q)dq,
and we can then rewrite Aij as,
Aij ≃
2ω2
M2effm¯
4
eff
R¯totij (0)−
2ω2
M2effm¯
4
eff
R¯totij (Lzˆ) cos 2∆¯
+
L
8M2eff
Wij(kcrit).
We have that,
R¯totij (0) = R
tot
ij (0) ≈
(
Bregi B
reg
j +
1
3
δij
〈
δB2
〉)〈 n¯2e
n2e
〉
.
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We assume that fluctuations in ne follow an approxi-
mately log-normal distribution, and hence〈
n¯2e
n2e
〉
≈
〈
n2e
n¯2e
〉3
≡ I3N .
We assume, as is the case in the situations we consider,
that L is much larger than the correlation length of the
magnetic and electron density fluctuations. This implies
that the only contribution to R¯totij (Lzˆ) which may result
in a leading order contribution to Aij is,
R¯totij (Lzˆ) ∼ B
reg
i B
reg
j .
Finally, we must evaluate Wij(k) in terms of the mag-
netic and electron density power spectra. We separate
the fluctuations in ne into short and long wavelength
fluctuations, δs and δl respectively, and assume they are
approximately independent. Thus ne = n¯e(1+δl)(1+δs).
This parameterisation is consistent with the assumption
that ne/n¯e has an approximately log-normal distribution.
We assume that the short wavelength fluctuations are lin-
ear up to some cut-off scale k−1lin . Above this spatial scale
we have the long wavelength fluctuations, which are not
necessarily linear. We then have that over small spatial
scales, ≪ k−1lin ,
Rδ(x) ≈
〈
n¯2e
n2e
〉〈
(1 + δs(y))
−1(1 + δs(y + x))
−1
〉
,
≈
〈
n¯2e
n2e
〉〈
n2e
n¯2e
〉−1 [
1 + n−2e RN(x)
]
,
= I2N
[
1 + n¯−2e RN(x)
]
.
It follows that for k ≫ klin we have approximately,
Pδ(k) ≈ I
2
Nn¯
−2
e PN(k).
We assume that klin ≪ kcrit. Finally we define,
PBδ(k) = PBδ(k) =
1
4π
∫
d3pPδ(p)PB(‖k− p‖),
which is the Fourier transform of R⊥B(x)Rδ(x). From the
definition of P totij and Wij(k) we have,
Wij(k) = B
reg
i B
reg
j
∫ ∞
k
qPδ(q)dq
+
1
3
δij
∫ ∞
k
qPBδ(q)dq.
All that remains is to evaluate,∫ ∞
k
qPBδ(q)dq =
∫
d3p
Pδ(p)
4π
∫
Vk(p)
d3r
PB(r)
4π‖r+ p‖
,
where Vk(p) is defined by ‖r+ p‖ > k. We approximate
this integral using ‖r+p‖ ≈ p in 0 < r < p and ‖r+p‖ ≈
r in 0 < p < r, and find∫ ∞
k
qPBδ(q)dq ≈
〈
δB2
〉 ∫ ∞
k
qPδ(q)dq
+I3N
∫ ∞
k
qPB(q)dq.
Defining,
WB/N(k) =
∫ ∞
k
qdqPB/N(q),
we have for Aij ,
Aij ≃
2I3NB
2
ijω
2
M2effm¯
4
eff
−
2Bregi B
reg
j ω
2
M2effm¯
4
eff
cos 2∆¯
+
I2NL
8M2eff
(
B2ij
n¯2e
WN (kcrit) +
δijIN
3
WB(kcrit)
)
,
where B2ij = B
reg
i B
reg
j + δij
〈
δB2
〉
/3. It follows that,
P¯γ↔φ ≡
1
2
(Axx +Ayy)
≈
1
2
(
2Beffω
Meffm¯2eff
)2
I3N −
1
4
(
2Bregω
Meffm¯2eff
)2
cos
(
2∆¯
)
+
B2effL
8M2effn¯
2
e
I2NWN(kcrit) +
L
24M2eff
I3NWB(kcrit),
where B2eff ≡ B
2
reg/2+
〈
δB2
〉
/3. The term that scales as
L is associated with electron density fluctuations and is
usually dominant when |∆¯| ≫ 1, as is the case for CMB
photons in galaxy clusters.
We have assumed that near k = kcrit and for all large
k, both PB(k) and PN(k) are decreasing faster than k
−3.
We have
k−1crit ≈ 2.4× 10
−2 pc
( ν
100GHz
)(10−3 cm−3
n¯e
)
,
where ν = ω/2π is the frequency of the electromagnetic
radiation. For galaxy clusters n¯e ∼ 10−3–10−2 cm−3
and for CMB photons ν ∼ 30 − 300GHz. The typ-
ical critical length scale is then much smaller than a
parsec, k−1crit ≈ 10
−3–0.1 pc. The form and magnitude
of PB(k) and PN(k) in galaxy clusters for such small
scales are not known empirically. We assume that near
k = kcrit, PB(k) ∝ PN(k) ∝ k−11/3 corresponding to
three-dimensional Kolmogorov turbulence. We define
normalization constants CK and CN,
k2PB(k) = 2CK
(
k
k0
)−5/3
,
k2PN(k) = 2(2π)
1/3C2Nk
−5/3,
for consistency with Refs. [10, 18], where k0 = 1kpc
−1.
It follows that,
WB(kcrit) ≈
6CK
5
(
kcrit
k0
)−5/3
,
WN(kcrit) ≈
6(2π)1/3
5
C2Nk
−5/3
crit .
Order of magnitude estimates for the normalisation con-
stants were calculated in [10]:
2k
5/3
0 CK ≈ (0.27–0.45)
〈
δB2
〉
L
−2/3
B
2(2π)1/3C2Nn¯
−2
e ≈ (0.27–0.45)
〈
δn2e
〉
n¯2e
L
−2/3
B ,
12
where
〈
δn2e
〉
/n¯2e = IN − 1, and LN is approximated by
LB.
Thus we find that the dominant contribution to the
photon-ALP conversion rate is,
P¯γ↔φ ≈
3
40
(0.27–0.45)
(
αEMn¯e
2πme
)−5/3
ν5/3L
−2/3
B M
−2
eff L
·
(
B2reg
I2N (IN − 1)
2
+
〈
δB2
〉 I2N (2IN − 1)
3
)
.
(A3)
Appendix B: CSZ Contribution to the WMAP
Signal Extracted from the V +W Bands
In this appendix, we explain our simplistic approach to
the processing technique of Komatsu et al. in combining
the raw data from the WMAP V andW bands in order to
remove contamination from the CMB anisotropies [16].
Considering only the contribution from the thermal SZ
effect and CMB anisotropies, the observed temperature
decrement around the cluster is expected to be,
∆T (θ, ν) = ∆TCMB(θ) + ∆TSZ(θ, ν),
where the fluctuations due to CMB anisotropies are fre-
quency independent. The frequency dependence of the
thermal SZ effect was given in Eq. (8). Subtracting the
signal in the W band from that in the V band we would
expect (allowing only for the thermal SZ effect) that,
∆T (θ, νV )−∆T (θ, νW ) = ∆TSZ,RJ (θ)
(
gSZ(νV )− gSZ(νW )
−2
)
.
The results presented in [16] are expected to be of
∆T V+WRJ = ∆TSZ,RJ(θ).
However if we include the contribution from the CSZ
effect, then we expect the total temperature fluctuation
in any frequency band to be given by,
∆T (θ, ν) = ∆TCMB(θ) + ∆TSZ(θ, ν) + ∆TCSZ(θ, ν),
where ∆TCSZ was given in Eq. (9). This leads to a
predicted signal of,
∆T V+WRJ (θ) = ∆TSZ,RJ(θ)
+∆T 204CSZ(θ)
(
−2(gVCSZ − g
W
CSZ)
gCSZ(ν0)(gVSZ − g
W
SZ)
)
,
(B1)
where gCSZ(ν) ≡ ν5/3(e−x − 1)/x and ν0 = 204GHz.
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